We report total electron-impact ionisation cross sections (EICSs) of cisplatin, its hydrolysis products and transplatin in the energy range from threshold to 10 keV using the binary-encounter-Bethe (BEB) and its relativistic variant (RBEB), and the Deutsch-Märk (DM) methods. We find reasonable agreement between all three methods, and we also note that the RBEB and the BEB methods yield very similar (almost identical) results in the considered energy range. For cisplatin, the resulting EICSs yield cross section maxima of 22.09 × 10 −20 m 2 at 55.4 eV for the DM method and 18.67 × 10 −20 m 2 at 79.2 eV for the (R)BEB method(s). The EICSs of monoaquated cisplatin yield maxima of 12.54 × 10 −20 m 2 at 82.8 eV for the DM method and of 9.74 × 10 −20 m 2 at 106 eV for the (R)BEB method(s), diaquated cisplatin yields maxima of 7.56 × 10 −20 m 2 at 118.5 eV for the DM method and of 5.77 × 10 −20 m 2 at 136 eV for the (R)BEB method(s). Molecular geometry does not affect the resulting EICS significantly, which is also reflected in very similar EICSs of the cis-and trans-isomer. Limitations of the work as well as desirable future directions in the research area are discussed.
Introduction
Having been discovered as early as 1845, cis-diamminedichloridoplatinum(II), cis-Pt(NH 3 ) 2 Cl 2 , in short, cisplatin, see Figure 1 (a), is up to now one of the most leading drugs used in anticancer chemotherapy. Subsequently to the administration of the drug and its transfer into cells, the Pt-Cl bonds are hydrolised [1] [2] [3] Figure 1 (b,c), respectively. The hydrolysed products then bind to DNA, forming intrastrand cross-links between nucleobases. This inhibits the cell replication process, which is the primary mode of action of the drug's anticancer activity [1] [2] [3] [4] . Most interestingly, the isomer transplatin, see Figure 1 (d), is clinically inactive [5] .
Chemotherapy is often combined with radiotherapy in order to mutually enhance the effectiveness of the two treatments. It is well known that cisplatin acts as a radiosensitiser, i.e. it substantially enhances DNA damage and tumour cell killing rates upon irradiation of the targeted cells [6] [7] [8] [9] [10] [11] . In case of the latter, products of ionising radiation such as electrons not only interact with the biomolecular environment but also with the administered drugs. Electron-impact ionisation processes are among the dominant processes for electronmolecule scattering phenomena playing a role also in interatomic Coulombic decay (ICD) driven by energy transfer [12] . Here, ICD describes relaxation of an ionised compound by transferring its excess energy to a neighbouring molecule, which becomes also ionised by this process, leading to two positively charged products that repel each other and subsequently often break apart [13] . Hence, ICD is one of the processes that needs to be considered especially in contexts of electron interaction with molecules in biological environments. Data on such processes and particularly on the probability distribution characterising the interaction of the ionising radiation with the cell as a function of impact energy are required as input for modelling purposes using e.g. Monte-Carlo track structure simulations [14, 15] . The distribution of the energies of secondary electrons, i.e. electrons produced by highly-energetic primary ionising radiation, has its maximum typically in the range of a few tens of eV ( = 1.602 × 10 −19 J) beyond which it decreases up to primary impact energies of about 10 keV [16] . This decrease may be described by a power law. For even higher energies the distribution falls off more rapidly to virtually zero [16] .
In this contribution, we report calculated electronimpact ionisation cross sections (EICSs) for cisplatin and its hydrolysis products as well as for transplatin from threshold to 10 keV. We compare two of the mostwidely used methods for the computation of EICSs, i.e. binary-encounter-Bethe (BEB) theory of Kim et al. [17, 18] and the Deutsch-Märk (DM) method [19] . Both types of methods have been successfully applied to atoms, molecules, clusters, ions and radicals. Their accuracy is typically in the same range as the one of experimental data [20] .
EICSs for cisplatin have been reported earlier using also the BEB approach [21] and employing the multiscattering centre spherical complex optical potential approach [22] . However, cisplatin's modes of anticancer action are based on the formation of its hydrolysis products in target cells [1] [2] [3] 23] . Hence, in order to model the interaction of radiation with cells it is important to know EICSs for mono-and diaquated cisplatin which we report here. In addition, we compare the EICSs obtained for cisplatin with those obtained for its clinically inactive isomer transplatin. Moreover, we assess some methodological issues including the importance of the usage of effective core potentials for determination EICSs using the BEB method as well as the magnitude of relativistic corrections especially at elevated impact energies when dealing with heavy elements such as Pt.
Methods
In this section, we provide a short overview of the DM method in Section 2.1, the BEB method in Section 2.2 and details of the quantum chemical calculations used to obtain the required input for those methods in Section 2.3.
The Deutsch-Märk (DM) method
The DM method was originally developed as an easy-touse, semi-empirical approach for the calculation of EICSs of atoms in their electronic ground state from threshold to about 100 eV [19] . In a more recent variant of the DM method [20, 24] , the total single electron-impact ionisation cross section σ of an atom is expressed as: (1) where r nl is the radius of maximum radial density of the atomic sub-shell characterised by quantum numbers n and l (as listed in column 1 in the tables of Desclaux [25] ) and ξ nl is the number of electrons in that sub-shell. The sum extends over all atomic sub-shells labelled by n and l. The g nl are weighting factors, which were originally determined by a fitting procedure [26, 27] using reliable experimental cross section data for a few selected atoms, for which the accuracy of the reported rate is in the range of 7-15%. The reduced energy u is given by u = E/E nl , where E refers to the incident energy of the electrons and E nl denotes the ionisation energy of the sub-shell characterised by n and l. The energy-dependent quantities b (q) nl (u) were introduced in an effort to merge the high-energy region of the ionisation cross section, which follows the Born-Bethe approximation [28] , with the DM formula of the cross sections in the regime of low impact energies. The function b
nl in Equation (1) has the explicit form:
The four constants A 1 , A 2 , A 3 and p were determined, together with c nl , from reliably measured cross sections for the various values of n and l. The superscript q refers to the number of electrons in the (n, l)-th sub-shell and allows the possibility to use slightly different functions b
nl depending on the number of electrons in the respective sub-shell. At high impact energies u goes to infinity, the first term in Equation (2) goes to zero and b (q) nl (u) becomes a constant ensuring the high-energy dependence of the cross sections predicted by the Born-Bethe theory [28] .
The DM formalism has been extended to the calculation of EICSs of atoms in excited states, molecules and free radicals, atomic and molecular ions, and clusters [20] . For the calculation of the EICS of a molecule, a population analysis [29, 30] must be carried out to obtain the weights with which the atomic orbitals of the constituent atoms contribute to each occupied molecular orbital. These weights are obtained from the coefficients of the occupied molecular orbital after a transformation employing the overlap matrix in order to correct for the non-orthogonality of the atomic basis functions.
The binary-encounter-Bethe (BEB) method
The BEB model [18] was derived from the binaryencounter-dipole model [17] by replacing the df /dE term for the continuum dipole oscillator strengths by a simpler form. Thus, a modified form of the Mott cross section together with the asymptotic form of the Bethe theory describing the electron-impact ionisation of an atom was combined into an expression for the cross section of each molecular orbital:
where t = T/B, u = U/B, S = 4πa 2 0 NR 2 /B 2 , a 0 denotes the Bohr radius (0.5292 Å), R is the Rydberg energy (13.6057 eV), and T denotes the incident electron energy. N, B and U are the electron occupation number, the binding energy (ionisation energy), and the average kinetic energy of the respective molecular orbital, respectively. In the BEB model, the total cross section, similarly to the DM method, is then obtained by summation over the cross sections for all molecular orbitals.
The quantum chemical data needed to calculate EICSs are normally derived from all-electron calculations. For heavy elements and molecules containing them valenceshell-only calculations using effective-core potentials (ECPs) [31] can be used. This facilitates the quantum chemical calculations and allows, to some extent, the incorporation of relativistic effects stemming from inner electrons with high kinetic energy. Due to the lack of inner radial nodes of the pseudo-valence orbitals, their kinetic energies are lower than normal and Equation (3) can be used to determine the BEB cross section [32] . Using the BEB method in conjunction with ECPs has earlier been recommended over the use of all-electron basis sets for molecules that contain heavy (with atomic number Z > 10) atoms [33] . Moreover, in an earlier work on iron hydrogen clusters, a better agreement between EICSs obtained with BEB using ECPs and DM cross sections than between all-electron BEB and DM cross sections was found [34] .
The cross section formula given by Equation (3) has experienced several modifications over the years and has been extended also to relativistic incident energies [35] . For the latter case the expression for the cross section reads:
where α denotes the fine structure constant, 2 and c is the speed of light.
For the purpose of comparison we also used Equation (4) to compute EICSs for the molecules under consideration. We refer to those cross sections using simply the abbreviation RBEB.
Quantum chemical calculations
Molecular geometries were optimised using the TPSSh [36] [37] [38] density functional in conjunction with the Def2-TZVP basis set [39, 40] . Relaxed structures and some structural parameters are depicted in Figure 1 . The orbital populations required for the DM formalism were subsequently determined via Hartree-Fock (HF) calculations in conjunction with the minimal CEP-4G basis set [41] [42] [43] . Occupation, binding energy and average kinetic energy for each molecular orbital as required for the calculation of the BEB cross sections were also calculated at the HF/Def2-TZVP level of theory. Orbital energies for the outermost valence electrons were refined using results obtained with Outer-Valence-Green's-Function (OVGF) electron-propagator theory [44] in conjunction with the Def2-TZVP basis set. Generally, split-valence triple-zeta basis sets with additional polarisation functions such as 6-311G(2df,2p) have been recommended for this kind of calculations [45] . In order to explore the reliability of the basis set employed by us, we computed vertical ionisation energies (VIEs) of the several constituents of the molecules under consideration, i.e. 
Results and discussion
The EICSs of cis-and transplatin, as obtained with the various methods described above, are depicted in Figure 2 . We also depict the results reported earlier by Żywicka and Możejko [21] and by Mahato et al. [22] . We find that both methods, i.e. DM and BEB, are in reasonable agreement with each other, deviating by about 15-20% (at energies of the cross section maxima) from each other. The relativistic BEB method, i.e. RBEB, yields EICSs for cis-and transplatin at the considered impact energies that differ only negligibly from the standard BEB ones. These differences increase monotonically with increasing impact energy and become maximal for the highest considered impact energy of 10 keV. For instance, for cisplatin the maximum difference is as small as 0.02 × 10 −20 m 2 at 10 keV which corresponds to a deviation of about 3% between BEB and RBEB at this energy. Graphically, the differences between the respective curves are not discernible, so the RBEB EICSs are not explicitly included in Figure 2 . The differences between the EICSs of the two considered isomers are also very small. This is in line with the earlier finding, in a work on beryllium tungsten clusters [51] , that differences in molecular geometries and even the differences between isomers do not affect the resulting EICSs substantially. In particular, we obtain cross section maxima of 22. Figure 2 ) results in a cross section in very good agreement with the one of Żywicka and Możejko [21] . The remaining difference can be attributed to the different basis sets used in their and in our work. However, the difference between the BEB methods using HF and OVGF binding energies puts emphasis on how the accuracy of the method depends on the supplied orbital binding energies, especially the ones highest in energy (which contribute most to the EICS). Also the EICS reported by Mahato et al. [22] is slightly smaller than the BEB and DM EICSs reported here. In their work, the ionisation cross section was determined by (energy-dependent) scaling of the total inelastic cross section, comprising the sum of total excitation and total ionisation cross sections, computed using a multi-scattering centre spherical complex optical potential approach [22] . In the region of the maximum the scaling factor was chosen as 0.75 [22] . Hence, our results indicate that this scaling factor might be slightly too low for cisplatin.
In Figure 3 , we depict the obtained EICSs for cisplatin and its hydrolysis products together with earlier results obtained for the nucleobases adenine, cytosine, guanine, thymine and uracil [52] . Whereas Żywicka and Może-jko [21] found that the EICS of cisplatin is comparable to the ones of the pyrimidine bases cytosine, thymine and uracil, but considerably lower than the ones for the purine bases adenine and guanine, our results indicate rather the opposite, see Figure 3 . Moreover, as pointed out in the introduction, the cytotoxic effects of cisplatin require its hydrolysis which takes place upon uptake of the molecule into the cell and hence, from a pharmacological point of view, the EICSs of the respective hydrolysis products are even more important than the one of cisplatin per se. The EICSs of mono-and diaquated cisplatin, however, are clearly substantially lower than the ones of both pyrimidine and purine derivatives. The EICSs of monoaquated cisplatin yield maxima of 12.54 × 10 −20 m 2 at 82.8 eV for the DM method and of 9.74 × 10 −20 m 2 at 106 eV for the BEB and RBEB methods, the ones of diaquated cisplatin yield maxima of 7.56 × 10 −20 m 2 at 118.5 eV for the DM method and of 5.77 × 10 −20 m 2 at 136 eV for the BEB and RBEB methods.
Concerning the accuracy of the calculated cross sections we note the following. Differences between the DM and BEB (and also the RBEB) methods account for about 30% in the region around the cross section maxima for all molecules under consideration with the DM cross sections being generally larger than the BEB (and RBEB) ones. For increasing impact energies the DM cross sections decrease faster than the BEB cross sections. At 10 keV, the latter are about 45% larger than the DM cross sections for cis-and transplatin, whereas they are about 15% larger for monoaquated cisplatin and almost identical (less than 1% difference) for diaquated cisplatin. Close to the threshold energy the resulting cross sections can deviate more substantially from each other due to the different mathematical description of the near-threshold behaviour in the used models. Differences of the mentioned orders of magnitude between the two semi-empirical approaches are not uncommon [20, 27] . In the absence of experimental data the accuracy of the calculated cross sections may very conservatively be estimated by the above stated ranges of deviations between the results obtained with the used semi-empirical approaches. Hence, we tentatively estimate the obtained cross sections to be accurate within at least 30% in an energy range of 20-100 eV (around the maxima) and at least within 45% for energies beyond 100 eV.
We would like to conclude this section with the discussion of two points concerning limitations of the presented work. Over the last decade, the original DM as well as the BEB methods experienced several modifications yielding improvements on resulting EICSs for atomic targets especially for relativistic impact energies, heavy elements in high charge states and effects related to inner shell ionisation [53] [54] [55] [56] [57] [58] . Although the magnitude of corrections caused by these modifications is small in the energy range considered in this work, attempts to further adapt both approaches for molecular targets seem nevertheless desirable especially if impact energies in the range of and beyond several tens of keV become interesting.
An intrinsic limitation stems from the fact that all of the methods used in this work and discussed above yield total EICSs of the target molecules under consideration, i.e. sums of all partial cross sections characterising any reaction channel yielding at least one singly ionised molecular fragment (including the parent molecular ion) as a product. In particular, for a parent molecule AB, there exist three such reaction channels (regarding for convenience now only single ionisation events):<enter>
Note that reactions (4b) and (4c) describe two-step dissociative ionisation mechanisms which proceed via intermediate formation of a transient excited positive ion. Each of reactions (4a-c) is associated with its specific partial EICSs and the sum of all three yields the total EICS (for single ionisation) of the molecule AB. In order to inform modellers using e.g. Monte Carlo track structure simulations [14, 15] , knowledge of the partial EICSs for specific ionisation channels would be highly valuable. However, experimental as well as theoretical data on partial cross sections is very scarce. Although a purely theoretical approach based on first-principles for the prediction of partial EICSs is lacking, a few semi-empirical attempts have been made so far. Semi-empirical calculations have been used in conjunction with experimental data on oscillator strengths [59] or using experimental mass spectra [60, 61] for the estimation of partial ionisation cross sections. A significant body of experimental data on partial and total EICSs of hydrocarbons was also assessed [62] revealing several empirical rules by which those cross sections are governed. It was found that (i) EICSs can be relatively well characterised by a cubic function of energy close to the associated reaction threshold and (ii) that the contribution of a specific reaction channel to the total cross section (i. e. the branching ratio) becomes asymptotically, approximately constant at elevated energies well beyond 20-30 eV [62] , whereas the latter finding is a significantly better approximation (within 20%) for dominant reaction channels than for subdominant ones (for which variations of the branching ratio up to a factor of 6 were reported) [63] . We hold the view that further attempts how to make at least some empirically informed guesses on partial EICSs, possibly combining some of the attempts mentioned above, are most desirable in future work in this area besides highly needed experimental investigations.
Conclusion
We calculated total electron-impact ionisation cross sections (EICSs) of cisplatin, its hydrolysis products and transplatin in the energy range from threshold to 10 keV using binary-encounter-Bethe (BEB) and Deutsch-Märk (DM) methods. We find reasonable agreement between the two methods. We compared the results also with the relativistic variant of the BEB method (RBEB) which yields very similar results in the considered energy range. Also the EICS for transplatin is very similar to the one of cisplatin. Overall, we tentatively (and very conservatively) estimate the accuracies of the obtained cross sections to be within at least 30% in an energy range of 20-100 eV (around the maxima) and at least within 45% for energies beyond 100 eV. A comparison of the results with EICSs reported for pyrimidine and purine nucleobases yields comparable ionisation cross sections of cisplatin but substantially lower ones of its hydrolysis products which are actually responsible for cytotoxic activity of the drug in targeted cells.
